A detailed radiorespirometric and enzymological analysis was made of the wild-type and GFI strains of Thiobacillus A2 grown on numerous sugars. The wild-type used the EmbdenMeyerhof, Entner-Doudoroff and pentose phosphate pathways for glucose oxidation only after culture on glucose. The fast-growing strain GFI used all three pathways after growth on glucose, maltose or fructose. The wild-type grown on a wide range of pentoses, hexoses, disaccharides, a trisaccharide and a mixture of glucose and maltose oxidized glucose by means of the Entner-Doudoroff pathway (68 to 90%) and pentose phosphate pathway (10 to 32 yo). The key enzyme determining the presence or absence of the Embden-Meyerhof pathway was 6-phosphofructokinase. Other mechanisms, such as a phosphoketolase pathway, were shown to be unimportant, even during growth on pentoses. Arabinose was metabolized via hexose phosphate synthesis. The mechanisms of regulation of sugar metabolism and the energetic significance of alternative pathways are discussed.
pathway activity after growth on maltose (Fig. 2b) . Similarly, after growth on fructose, wild-type Thiobacillus A2 lost EM pathway activity and oxidized glucose very slowly (Fig. 3 a) , but strain GFI retained all three pathways (Fig. 3 b) . Wild-type Thiobacillus A2 did not exhibit significant EM pathway activity when assayed radiorespirometrically after growth on any other sugar tested, including a mixture of 16mM-glucose and 2 mMmaltose (Table l) , on which fast growth with simultaneous use of the sugars occurs . Cumulative 14C02 release from glucose by these various cultures (Table 1) calculate the relative contributions of the ED and PP pathways (Table 2) using the dualpathway equation (Wood & Kelly, 1979) : the fraction of glucose metabolized by the PP pathway is given by PP = [(C-1) -(C-4)]/ [total glucose (nmol)] and that metabolized by the ED pathway is given by ED = 1 -PP, where (C-1) and (C-4) indicate the total 14C02 output (nmol) from [ l-14C]glucose and [4-14C]glucose, respectively. Where three pathways were indicated, they were calculated according to , although this probably overestimated the EM pathway to some extent (Wood & Kelly, 1979 . In cultures lacking the EM pathway, the ED pathway contributed 70 to 90 % of the observed glucose oxidation. Absolute rates of glucose oxidation (Table 1) were significantly depressed only in cultures grown on fructose, ribose and mannose, while all others, including chemostat cultures (Wood & Kelly, 1979 , showed rates of 11.2 ( f S.D. 3.9) nmol C 0 2 min-1 (mg dry wt)-l (28 determinations).
Enzymes of carbohydrate metabolistn in Thiobacillus A2 grown on various sugars Significant phosphofructokinase activity, essential to the EM pathway, was found (Table 3 ) only in cultures grown on glucose, confirming the virtual absence of this pathway under other growth conditions. KDPG aldolase was present at high activity in all cases, but 6-phosphogluconate dehydratase, the other enzyme essential to the ED pathway, varied greatly in response to the growth substrate (Table 3) when determined in the couplzd assay with KDPG aldolase. This enzyme has previously been identified as potentially a regulatory locus in sugar metabolism by Thiobacillus A2 , but in these experiments low 6-PG dehydratase was not accompanied by any decrease in apparent overall ED pathway activity (Tables 2 and 3) . A possible alternative route to the ED pathway for c-1 and C-4 release from glucose is via the phosphoketolase reaction (Greenley & Smith, 1979 ; Wood & Kelly, 1979) , but this enzyme was active only at low levels in any of our present cultures ( Table 3) . FDP aldolase and glucosephosphate isomerase were not indicated to be rate-limiting or key regulatory enzymes (Table 3) .
Eflect of growth substrate on sugar metabolism by strain GFI of Thiobacillus A2 Growth on maltose or fructose did not eliminate EM pathway activity in strain GFI (Fig. 2 b, 3 b) , although cumulative C-1 and C-4 release from glucose considerably exceeded that of C-3 ( Table 4 ). It is likely that the triple-pathway calculation thus overestimated the EM pathway contribution to glucose oxidation ( Table 4) . After growth on arabinose, both the wild-type and GFI strains lost EM pathway activity (Fig. 4) . The glucose oxidation rate by GFI was 13.8 ( & S.D. 2.9) nmol CO, min-l (mg dry wt)-l (from nine determinations using glucose-grown cultures), but was depressed after growth on arabinose or fructose ( Table 4) .
In agreement with the radiorespirometric assays, GFI grown on maltose or fructose contained very high activities of phosphofructokinase and low activities of the key ED pathway enzymes (Table 5) , while organisms grown on arabinose lacked phosphofructokinase, but had higher activities of 6-PG dehydratase, KDPG aldolase and phosphoketolase than those grown on maltose or fructose (Table 5) . was used.
Relative contribution (%) of pathways
Embden 
- (41) * Thiosulphate-grown inoculum (these organisms gave the radiorespirometry pattern seen in Fig. 1 6) . t Sucrose-grown inoculum (see also Fig. 1 a) .
$ Figures in parentheses are comparative data from Wood et al. (1977) .
Oxidation of [ 1 -f 4 C ] f r~~t o~e and [U-14C]fructose by fructose-grown GFI was compared with glucose oxidation. Fructose was oxidized at a rate of 7.45 nmol COz min-1 (mg dry wt)-l, and about 52% and 47% of C-1 and C-U, respectively, of 33.3 pM-fructose was converted to COz under the standard radiorespirometry assay conditions. This compared with 60 yo and 53 % of the C-1 and C-U of glucose, possibly indicating somewhat greater EM pathway activity during fructose than glucose oxidation.
Sucrose oxidation by Thiobacillus A2 grown on diflerent sugars
The initial rates of [U-14C]sucrose oxidation by bacteria previously grown on sucrose, maltose, glucose or fructose were, respectively, 2.3, 1.7, 0.5 and 0.03 nmol C02 min (mg dry wt)-l. Sucrose-grown Thiobacillus A2 oxidized both the glucose and fructose components of sucrose at similar rates, but CO, production was slightly greater from the fructose half of the molecule (Fig. 5) . Virtually identical kinetics were observed with maltosegrown organisms. Oxidation by glucose-grown organisms showed a lag and acceleration phase lasting about 6 min (Fig. 9 , but CO, production from the fructose residue slightly exceeded that from the glucose residue throughout (Fig. 5) . Similarly, no great discrimination could be detected during the very slow oxidation effected by fructose-grown Thiobacillus A2 (Fig. 5) .
Radiorespirometric competition experiments to demonstrate the predominant roles of the ED and PP pathways in glucose and pentose metabolism by Thiobacillus A2 grown on maltose or arabinose If maltose-grown Thiobacillus A2 does not use the EM pathway (Table 2) , release of C02 from the C-3 of glucose would be depressed by gluconate as severely as that from C-1 and C-4. The rates and amounts of C-1 , C-3 and C-4 release were all inhibited by gluconate, in agreement with release of these by the ED and PP pathways (Fig. 6) .
If arabinose metabolism depends on initial production of glucose 6-phosphate by the reactions of the PP pathway (Krebs & Kornberg, 1957) , rather than scission by phosphoketolase after conversion to xylulose 5-phosphate, addition of arabinose to arabinosegrown Thiobacillus A2 oxidizing glucose would similarly depress CO, release from C-1, C-2, C-3 and C-4. This effect was observed, 1 mhf-arabinose decreasing cumulative release of CO, from all four by 80 to 90% (Fig. 7) .
Similarly, if glucose 6-phosphate is an intermediate in arabinose metabolism, addition of glucose or an equimolar amount of extra arabinose to arabinose-grown Thiobacillus A2 oxidizing [l-14C]arabinose would be expected to inhibit the rate of 14C0, release to an equivalent extent. Glucose and extra arabinose had exactly this predicted effect (Fig. 8) .
Since, by the operation of the PP pathway, C-2 of glucose and C-1 of pentose become the C-1 of glucose 6-phosphate, some similarity of behaviour would be expected between the metabolism of C-1 and, especially, C-2 of glucose and of C-1 of pentoses. Using arabinoseand ribose-grown Thiobacillus A2, such a general similarity in extent of 14C0, release was established (Table 6) . 
DISCUSSION
Earlier views that the central pathways in micro-organisms for the degradation of carbohydrates were relatively invariable in activity, usually with a major and a minor pathway functioning (Wang et al., 1958 (Wang et al., , 1959 Stern et al., 1960; Goldman & Blumenthal, 1963; Zagallo & Wang, 1967; Kersters & De Ley, 1968; Hofer et al., 1971) , and that the EM pathway was characteristically absent from pseudomonads (Tiwari & Campbell, 1969 ; Lynch et al., 1975) have been proved by more recent studies to be oversimplifications. The discovery of fructose 1,6-bisphosphate formation by PEP-dependent phosphorylation of fructose to fructose 1-phosphate (by PEP-fructose phosphotransferase) and 1 -phosphofructokinase (1 -PFK) in Arthrobacter pyridinolis (Sobel & Krulwich, 1973) and Pseudomonas doudorofl (Baumann & Baumann, 1975) suggested that a modified EM pathway could function in these organisms. Subsequently, van Dijken & Quayle (1977) and Sawyer et al. (1977) showed these enzymes to function in numerous Pseudomonas species. Using radiolabelling experiments and enzyme-deficient mutants, these workers demonstrated that 1 -PFK and an EM pathway could contribute to fructose metabolism, although in most cases the major route for fructose use was the ED pathway. The EM pathway was, however, indicated to be the major pathway for fructose degradation by P. extorquens (van Dijken & Quayle, 1977) and by a 6-PG dehydratase-negative mutant of P. putida 90 that could not grow on glucose (Vicente & Cinovas, 1973; Sawyer et al., 1977) . In general, few studies have shown marked variation in the proportionate contributions of multiple pathways during growth on a single substrate. Goldman & Blumenthal (1964) showed the proportion of glucose oxidized by the EM pathway in Bacillus cereus to increase from 80 to 98 % during differentiation. Considerable variation in PP pathway activity could be induced in batch and chemostat cultures of Gluconobacter oxydans (Olijve & Kok, 1979 a, b) . Several organisms, including Microcyclus (Raj, 1977) , Escherichia coli (Eisenberg & Dobrogosz, 1967) and Thiobacillus A2 are potentially capable of using more than two carbohydrate degradation pathways simultaneously. Considerable variation of the EM, ED and PP pathway proportions could be induced in Thiobacillus A2 simply by varying growth conditions in glucose-or ammonium-limited chemostats (Wood & Kelly, 1979) . In Microcyclus Jzavus, glucose was used almost exclusively by the EM pathway (Raj, 1977) , but the organism showed simultaneous activity of EM, E D and PP pathways when grown on glucose plus gluconate (Raj, 1977) . Similarly, gluconate-grown E. coli degraded glucose and gluconate simultaneously and independently by the EM and E D pathways (Eisenberg & Dobrogosz, 1967) . Different species of Microcyclus used either the EM or the ED pathway as the major (80 %) route of glucose degradation (Raj, 1977 (1979) previously observed that while the EM pathway is energetically superior to the ED pathway (Wood, 1961) , little effect on growth yield results, as most energy conservation accompanies the tricarboxylic acid cycle. Indeed, Bang & Baumann (1978) believed that the FDP generated by P. putida was largely metabolized by the ED pathway after hydrolysis of the 1-phosphate, effectively wasting one ATP molecule per fructose molecule metabolized, and making the pathway to pyruvate one in which two ATP equivalents are consumed and four generated (three during NADH oxidation).
Against this background our current work with Thiobacillus A2 has extended the detailed study of the effect of substrate on pathway selection to an organism exhibiting extraordinarily complex metabolic potential, in which at least three glucose-degrading pathways can operate simultaneously. Because of the complexity of the degradation pathways in Thiobacillus A2 we employed a variety of techniques to confirm the routes actually functioning and studied a wide range of sugars, including pentoses and disaccharides, since different substrates could have emphasized the activity of otherwise minor pathways. For example, it was thought that pentose metabolism might have involved phosphoketolase (Greenley & Smith, 1979; Wood & Kelly, 1979) . It has also been shown that pentose metabolism in E. coli is largely effected by the EM pathway after synthesis of hexose from the added pentoses (Mahler & Cordes, 1966) .
A number of conclusions can be drawn about the wild-type Thiobacillus A2. The EM, ED and PP pathways only operate simultaneously in organisms grown on glucose and even this is variable, depending on prior growth conditions. Generally, the ED is the predominant pathway during growth on hexoses, disaccharides and melezitose, with some PP pathway activity. In contrast to R. capsulata (Conrad & Schlegel, 1977) , wild-type Thiobacillus A2 grown on fructose did not exhibit significant EM pathway activity. This is consistent with the probable absence of 1-PFK from Thiobacillus A2 and the absence of 6-PFK from fructose-grown bacteria (Table 3 ). Significant KDPG aldolase activity was present in all cultures, including those grown on glucose and estimated to use the EM pathway as the major route (Tables 2 and 3) . This is consistent with KDPG aldolase being present at a high basal, or constitutive activity, possibly in response to induction by endogenous gluconate (e.g. from the PP pathway) as shown for E. coli and P. fluorescens (Eisenberg & Dobrogosz, 1967; Quay et al., 1972) . Surprisingly, activities of 6-PG dehydratase and KDPG aldolase were low in arabinose-grown bacteria (Table 3) , even though these appeared to use glucose mainly by the ED pathway (Table 2 ; Fig. 4a) . The low phosphoketolase activity in all the cultures, including those grown on arabinose ( Table 3 ), indicated that pentose metabolism occurred predominantly by hexose phosphate synthesis by the PP pathway. The occurrence of glucose as an obligatory intermediate in arabinose oxidation was supported by the 80 to 90 % depression by arabinose of the rate of release of C-1, C-2, C-3 and C-4 of glucose by arabinose-grown organisms (Fig. 7) , and the equal depression of C-1 release from [ l-14C]arabinose by additional unlabelled arabinose or glucose (Fig. 8) .
Behaviour of the fast-growing GFI strain was similar after growth on arabinose to that of the wild-type. Pentose metabolism in both strains thus proceeded via hexose, that behaved metabolically like hexose supplied as fructose, galactose, mannose, or derived from disaccharide, xylose or ribose metabolism (Table 2 ). In contrast, strain GFI grown on maltose or fructose used the triple-pathway system for oxidizing glucose and contained very high activities of 6-PFK but low KDPG aldolase (Tables 4 and 5 ; Fig. 2 b, 3 b) . In spite of this, the proportion of glucose passing through the ED pathway was at least as high as that shown in Table 4 (cf. Fig. 2b, 3b) . Relative regulation of the EM and ED pathways in Thiobacillus A2 wild-type and GFI strains cannot be unequivocally explained, since the key ED pathway enzymes were always detectable. This contrasts with E. coli, Serratia and Salmonella (Eisenberg & Dobrogosz, 1967) in which 6-PG dehydratase was absent from glucose-grown organisms even though KDPG aldolase was present. 6-PFK was clearly the regulatory locus for repression of the EM pathway in most of our cultures, but the biochemical regulator is not at present identifiable. It is puzzling that the wild-type grown on maltose, with or without glucose, lacked EM pathway activity while strain GFI retained high activity. We propose that glucose transport or phosphorylation is different in the two strains (resulting in different response to altering growth conditions : Wood & Kelly, 1979) , leading to different concentrations of intracellular glucose or glucose 6-phosphate, which may be of regulatory importance. Intracellular levels of key regulatory compounds are presumably unique in growth of the wild-type on glucose and sufficiently different in wildtype and GFI strains on other sugars to produce (i) repression of key enzymes (such as 6-PFK) or (ii) regulation of the flow of intermediates into the different pathways dependent on K, values of branch point or key enzymes (such as 6-PG dehydratase, 6-PG dehydrogenase, glucosephosphate isomerase, FDP aldolase and KDPG aldolase).
The experiments with disaccharides and melezitose do not enable explanation of their stimulation of the slow growth rate of the wild-type on glucose, but do serve to suggest that sucrose uptake or hydrolysis is severely depressed by growth on fructose but much less so by glucose (Fig. 5) . Marginally more rapid oxidation of the fructose moiety of sucrose could reflect more rapid direct phosphorylation of fructose than glucose but does not suggest anything unusual in the mechanism of disaccharide metabolism.
In conclusion, Thiobacillus A2 exhibits regulatory changes in its sugar metabolism in response to growth substrate that are similar to those seen with some Pseud0mona.y species but also to some seen in enterobacteria and Microcyclus. Its behaviour would thus seem to be determined by a unique mixture of regulatory functions different from those so far found in other bacteria.
